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ABSTRACT
Mergers of compact stellar remnants are prime targets for the LIGO/Virgo gravitational wave
detectors. The gravitational wave signals from these merger events can be used to study the mass
and spin distribution of stellar remnants, and provide information about black hole horizons and the
material properties of neutron stars. However, it has been suggested that degeneracies in the way
that the star’s mass and spin are imprinted in the waveforms may make it impossible to distinguish
between black holes and neutron stars. Here we show that the precession of the orbital plane due to
spin-orbit coupling breaks the mass-spin degeneracy, and allows us to distinguish between standard
neutron stars and alternative possibilities, such as black holes or exotic neutron stars with large masses
and spins.
1. INTRODUCTION
Compact stellar remnant mergers are the main tar-
gets of gravitational wave (GW) detectors such as ad-
vanced LIGO (aLIGO) (Harry 2010) and advanced Virgo
(Adv) (Acernese et al. 2007), with predicted rates be-
tween a few and a few hundred per year at full design
sensitivity (Abadie et al. 2010). These systems take tens
of minutes to sweep through the sensitive band of the
detectors, entering the band at ∼ 10Hz, and terminating
in the kHz range with a violent merger lasting just a few
milliseconds.
The final stages of the inspiral and merger proceed dif-
ferently for black holes (BHs) and neutron stars (NSs),
and in principle, this should allow us to identify the
make-up of the system from the GW signal alone. How-
ever, the number of GW cycles in the signal and the
aLIGO/AdV sensitivity fall off rapidly with increasing
frequency, meaning that there is very little informa-
tion past ∼ 500 Hz (less than 2% of the SNR). Probes
of BH physics and the equation of state of NSs will
likely require multiple detections (Del Pozzo et al. 2011,
2013). An electromagnetic counterpart to the GW signal,
such as a short-hard gamma-ray burst or an associated
kilonova/macronova emission (Metzger & Berger 2012),
would indicate that at least one of the bodies was a NS,
but beaming effects or the luminosity of the signal may
make detecting a counterpart difficult for the majority of
mergers (Abadie et al. 2010; Aasi et al. 2013b). Absent
a counterpart, we must rely on the early inspiral to ex-
tract information about the make-up of the binary, which
poses a challenge since finite size effects are completely
negligible during inspiral (Read et al. 2009). All we have
to go on to decide the composition of the binary are the
values of the masses and spins inferred from the inspiral
signal.
General arguments based on stability and causality
limit the mass and spin of NSs to the range M ∈
[0.1, 3.2]M for the mass and χ ∈ [0, 0.7] for the dimen-
sionless spin magnitude, χ ≡ |~S|/M2, where ~S is the spin
angular momentum (Rhoades & Ruffini 1974; Lattimer
& Prakash 2007; Yagi et al. 2014). Realistic equations
of state yield a tighter mass range M ∈ [1.0, 2.5]M.
The observed range of masses and spins is somewhat
tighter (Lattimer & Prakash 2007; Ozel et al. 2012):
M ∈ [1.0, 2.0]M, χ ∈ [0, 0.3]. The old NSs that merge
are expected to have spun down by magnetic breaking
to the point where the maximum spin is much lower,
χ . 0.05, than in the general NS population (Mandel
& O’Shaughnessy 2010). Furthermore, the standard iso-
lated NSNS binary formation scenario ensures that after
every common envelope phase (that tends to align the
spins) follows a supernovae kick that misaligns the spins
(unless the kick is in the orbital plane, though there is
evidence that this is not the case (Kaplan et al. 2008)).
Thus, we adopt the definition that normal NSs seen by
aLIGO/AdV have M ∈ [1, 2.5]M and χ ≤ 0.05, and
term NSs with larger masses or spins exotic. Einstein’s
theory of gravity allows BHs to have spin in the range
χ ∈ [0, 1] with any mass. X-ray observations have iden-
tified stellar remnant BHs with M ∈ [3.6, 36]M and
χ ∈ [0, 1]. There is currently some debate as to the ex-
istence of a mass gap between NSs and BHs (Ozel et al.
2010; Farr et al. 2011; Belczynski et al. 2012), but for
the purpose of determining whether a normal NS could
be misidentified as a BH or an exotic NS, the existence
of a gap is moot.
The early inspiral phase of a compact binary merger
can be modeled analytically by expanding Einstein’s
equations in powers of the ratio of the orbital velocity to
the speed of light, the so-called post-Newtonian (PN) ap-
proximation (Blanchet 2014). This ratio is small during
the inspiral, with v/c of 7% when the system enters the
detector sensitivity band, reaching roughly 40%−60% by
contact (Bernuzzi et al. 2014). The PN approximation
becomes less accurate as the system evolves through the
band, eventually breaking down at the end of the inspiral
phase. As all forms of energy couple to gravity, both the
masses and spins leave an imprint on the binary orbit
and the GWs emitted. The coupling between spin and
orbital angular momentum can strongly affect the orbital
trajectory and the GWs emitted in the inspiral phase.
The PN approximation can be used to construct a
model of the GWs emitted during inspiral. The combina-
tion of such a GW model with a model for the instrument
response yields templates for the signals as seen by the
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2detector. Subtracting the model from the data produces
a residual, and demanding that the residual is consistent
with a model for the instrument noise defines a likelihood
function. From this function and our prior knowledge we
can derive a posterior distribution for the model param-
eters that are consistent with the observed data. It often
happens that there are strong correlations between these
parameters, limiting our ability to measure each param-
eter individually.
Recent work (Hannam et al. 2013) has suggested that
the correlation between mass and spin (Cutler et al.
1993; Cutler & Flanagan 1994) may make it impossi-
ble to distinguish between a NSNS binary and a NSBH
or a BHBH binary. This result hinges on a simplified
waveform model that assumes that the spin and orbital
angular momenta are perfectly aligned, and thus, spin-
orbit induced precession (Barker & O’Connell 1979; Bohe
et al. 2013) is absent. However, we have no reason to ex-
pect the spin and orbital angular momenta to be aligned
in stellar remnant binaries. Indeed, the NS binaries ob-
served at much longer orbital periods are far from aligned
and are precessing (Weisberg & Taylor 2002; Hotan et al.
2005; Breton et al. 2008). It has been hypothesized (Han-
nam et al. 2013; Baird et al. 2013) that spin precession
would not significantly alter the conclusions drawn using
spin-aligned waveforms. We have tested this hypothe-
sis and found, as first suggested by Cutler et al. (1993),
that spin precession adds additional richness to the sig-
nals that almost completely breaks the mass-spin degen-
eracy, producing an order-of-magnitude improvement in
the extraction of the individual masses and spins, which
allows us to distinguish between NSs and BHs. We show
that normal NS binaries will not be mistaken for BHs
or exotic NSs, but we cannot rule out the possibility
that some exotic NSs or low mass/low spin BHs may
be misidentified as normal NSs.
2. METHODOLOGY
We employ Bayesian inference (Trotta 2007; Cornish &
Littenberg 2007; Littenberg & Cornish 2009; Aasi et al.
2013a) to quantify the astrophysical information can be
extracted from a GW detection. In particular, when
comparing models, we compute the so-called Bayes Fac-
tor (BF), which is the ratio of the evidence for one model
to that for another. We compute BFs through Markov-
Chain Monte-Carlo (MCMC) techniques, as described
by Cornish & Littenberg (2007); Littenberg & Cornish
(2009); Aasi et al. (2013a), with the high-power, zero-
detuned noise spectral density of aLIGO and AdV (Shoe-
maker 2010). We consider only the inspiral phase, from
10 Hz up to 400 Hz, at which point NS tidal deforma-
tions can no longer be neglected; extending the analysis
beyond 400Hz would only strengthen the results obtained
here. With these tools, and assuming a GW detection,
we address the following questions:
1. Can we distinguish between NSNS binaries and
low-mass, small-spin NSBH binaries only by the
inspiral portion of the waveform?
2. Can we distinguish between non-spinning and spin-
ning binaries with the data only?
3. Is the mass uncertainty large enough to lead to a
false detection of astrophysically “exotic” NSs?
To answer these we need a waveform template that ac-
curately models the GWs emitted during the quasicircu-
lar inspiral of spin-precessing, compact binaries. Previ-
ous studies were limited to spin-aligned or antialigned
systems (Hannam et al. 2013; Baird et al. 2013), as
until recently, these were the only systems for which
fast, closed-form frequency domain waveforms were avail-
able (numerical time-domain templates are available, but
their high computational cost limits their utility, see the
discussion in Chatziioannou et al. (2014)). Recently, an-
alytical models for precessing systems were derived by
noting that in the inspiral phase, three intrinsic scales
separate: the orbital timescale is shorter than the pre-
cession timescale, which is shorter than the radiation-
reaction timescale (Hinderer & Flanagan 2008; Klein
et al. 2013; Chatziioannou et al. 2013) (see also Lund-
gren & O’Shaughnessy (2014)). This separation allows
us to solve the PN precession equations analytically
through a perturbative expansion about small spins and
multiple-scale analysis. Once the orbital motion has been
computed, the Fourier transform of the waveform can
be constructed through the stationary-phase approxima-
tion (Droz et al. 1999; Yunes et al. 2009), leading to
small-spin double-precessing templates.
The usefulness of any waveform template hinges on its
accuracy relative to the true signal. In Chatziioannou
et al. (2013), we compared these double-precessing tem-
plates to numerical evolved PN waveforms. We found
that the double-precessing model is highly accurate for
all plausible NS spin magnitudes, however it fails for sys-
tems with BHs that possess large spins and precess sig-
nificantly (Chatziioannou et al. 2014). We found that
the integrated cross-correlation (the match, sometimes
called the faithfulness (Damour et al. 1998)) is above
the 98% [Fig. (1) of Chatziioannou et al. (2013)]. For
systems with SNR. 20, this implies that the statistical
error dominates over the systematic error (see Appendix
1 of Chatziioannou et al. (2014) for a proof of the inde-
pendence of statistical and systematic errors).
Each model incorporates spin effects in a different way
and has, thus, a different spin prior. For the double-
precessing model, we use uniform priors on the spin mag-
nitudes and uniform priors on the unit sphere for the spin
angles. For the spin-aligned model we again use uniform
priors on the spin magnitudes, but delta functions about
(anti)alignment with the orbital angular momentum for
the spin angles. Clearly, the prior used in the double-
precessing case is the most generic one since it assumes
the least amount of prior information about the signal.
Furthermore, a prior favoring spin alignment is not sup-
ported by astrophysical data. All the models use uniform
priors on the masses.
3. DISTINGUISHING BETWEEN NSS AND BHS
We simulated four non-spinning systems with differ-
ent masses and recovered them with non-spinning, spin-
aligned (Poisson & Will 1995; Arun et al. 2009; Lang
et al. 2011; Ajith 2011), and the double-precessing mod-
els (Chatziioannou et al. 2013). All signals have a dec-
lination cos θN = −0.11, right ascension φN = 3.71, and
inclination angle ι = 63◦ (all chosen randomly, requiring
that they do not correspond to any special configura-
tion, like optimal orientation or spin alignment). Fig-
ure 1 shows a 2D scatter plot of points in the (m1,m2)
3plane (with m1 ≥ m2) that belong in the 90% proba-
bility quantile of the posterior distributions. The points
are clustered along lines of constant chirp mass, M =
(m1m2)
3/5/(m1 + m2)
1/5, where m1,2 are the binary’s
component masses, with the extent of the lines deter-
mined by how well the dimensionless, symmetric mass
ratio η = m1m2/(m1 + m2)
2 is determined. For wave-
forms with spin, the degeneracy between spin and mass
ratio enlarges the 90% confidence region.
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Figure 1. (Color Online) Scatter plot showing points from the
90% probability quantile in (m1,m2) for non-spinning signals
with different masses of SNR 10 extracted with non-spinning
(turquoise), spin-aligned (black), and double-precessing (red) tem-
plates. The posteriors overlap from the equal mass boundary to
the short lines that cut across the scatter plots indicating the sep-
aration between the different posteriors in the direction orthogonal
to the chirp mass. The use of double-precessing templates leads to
more accurate mass extraction.
How well the mass ratio can be measured depends on
the particular model used. Non-spinning templates lead
to the smallest spread in the recovered masses, but at
the cost of large systematic biases when one considers
astrophysical realistic spin-pressing signals. Spin-aligned
templates measure the mass ratio with a larger spread,
due to degeneracies between masses and the spins. The
inclusion of spin-precession partially breaks this degen-
eracy, translating into an improvement in the accuracy
of the mass extraction that resembles what one would
obtain with non-spinning templates. Similar results are
shown in Chatziioannou et al. (2014) for signals with
χ1,2 = 0.04.
The leading order spin effects in the waveform enter
through the effective spin parameter χeff ≡ (~χ1 · Lˆ+ ~χ2 ·
Lˆ)/2, where ~χ1,2 ≡ ~S1,2/m21,2, ~S1,2 is the spin angular
momentum of the binary components and Lˆ is the unit
orbital angular momentum. To check if the improved pa-
rameter estimation was due to the prior on χeff we per-
formed an analysis with spin-aligned templates using the
same prior on χeff that was used for the spin-precessing
model and found that the results are not altered (Chatzi-
ioannou et al. 2014). The explanation lies in the likeli-
hood, not the prior: the extra freedom in the spin ori-
entation of the precessing model makes it less likely for
systems with large masses or spins to match the signal.
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Figure 2. (Color Online) Phase difference between the nonspin-
ning system (m1,m2) = (1.36, 1.34)M of Fig. 1 and a system that
belongs in the 90% probability quantile of the spin-aligned model
with (m1,m2) = (2.51, 0.79)M and (χ1, χ2) = (0.04, 0.82)(black
line). Keeping the masses and the spin magnitudes of the second
system fixed, we misalign the spins and plot the phase difference
between the initial nonspinning system and the new precessing
system for 40◦ (red line), 80◦ (green line), and 120◦ (blue line) be-
tween the total spin and the orbital angular momentum at 10Hz.
The dephasing induced by the spin-aligned model is below 1 radian
for a wide range of frequencies [20, 400]Hz, a manifestation of the
mass-spin degeneracy. On the other hand, the double-precessing
model results in a large dephasing, and hence a bad fit, which
breaks the mass-spin degeneracy.
Figure 2 illustrates this through the dephasing between
one of the systems of Fig. 1 and a system whose mass
and spin magnitude are in the 90% probability quantile
of the spin-aligned model (but not in that of the precess-
ing one), for different angles between the total spin and
the orbital angular momentum. The spin-aligned system
induces a very small dephasing despite the high value
of χ2, indicating the presence of a mass-spin degeneracy.
On the other hand, the double-precessing systems results
in large dephasings, leading to a low likelihood.
The fact that even a very small transverse spin can
have such a big effect on data analysis can be understood
as follows. Spin-alignment introduces a very strong cor-
relation between the masses and the spins. As a result,
the parameter covariance matrix is near singular. The
near singularity of the covariance matrix means that very
small changes in the waveforms can have significant ef-
fects on parameter estimation. Even the small amount
of precession expected for NS binaries is sufficient to al-
ter the mass-spin correlation and lead to very different
parameter estimation results.
By breaking the degeneracy between masses and spin
magnitudes one obtains higher accuracy in the extracted
masses, which in turn implies one would be able to dis-
tinguish between NSs and low-mass, small-spin BHs.
This is not the first time that the inclusion of spin-
precession in the templates has been shown to improve
parameter extraction dramatically (Vecchio 2004; Lang
& Hughes 2006; Klein et al. 2009), relative to spin-
aligned templates (Lang et al. 2011). For example,
projections for the bounds on the mass of the gravi-
ton and the Brans-Dicke parameter using spin-aligned
templates (Berti et al. 2005) were up to an order of
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Figure 3. (Color Online) BF as a function of χeff between
non-spinning and spinning models for spin-aligned (black) and
double-precessing (red) templates, assuming a precessing simu-
lated signal with SNR 10 (solid) and 20 (dotted) and (m1,m2) =
(1.43, 1.23)M in an aLIGO-AdV network.
magnitude larger than those found for non-spinning sys-
tems (Will 1994; Scharre & Will 2002; Will 1998; Will &
Yunes 2004). Including spin-precession effects (Stavridis
& Will 2009; Yagi & Tanaka 2010) broke parameter de-
generacies and gave projected bounds similar to those for
non-spinning systems.
4. DISTINGUISHING BETWEEN NON-SPINNING AND
SPINNING BINARIES
Before we can discuss distinguishability between spin-
ning and non-spinning systems, we must understand how
spin enters the waveform templates. For systems with
similar component masses, spin first enters through the
effective spin parameter χeff. Not surprisingly, this is
the parameter that can be extracted most accurately,
just like the chirp mass is measured more accurately
than the symmetric mass ratio. In this case, however,
a measurement of χeff only provides information about
the component of the spin angular momentum along the
orbital one. Measuring the perpendicular components
of the spin angular momentum would require measuring
the cone of precession, which is difficult with the SNRs
expected with aLIGO.
We tackle the distinguishability of spinning and non-
spinning systems as a model selection problem (Trotta
2007; Cornish et al. 2011; Gossan et al. 2012; Del Pozzo
et al. 2011; Sampson et al. 2013). We use a precess-
ing system, with the total spin angular momentum vec-
tor at 30◦ from the orbital angular momentum, and the
same sky location used in Fig. 1. We recover this sig-
nal with either the spin-aligned or the double-precessing
model. Figure 3 shows the BF between non-spinning
and spinning models as a function of the χeff for signals
with SNRs of 10 and 20. BF > 1 indicates that the
data favors the spinning model. For the same SNR the
double-precessing template correctly identifies the signal
as produced by a spinning source at a lower value of χeff
than the spin-aligned model, while both models correctly
identify a non-spinning signal (χeff = 0 case). The details
of the calculation of the BF are presented in Chatziioan-
nou et al. (2014).
5. DISTINGUISHING BETWEEN NORMAL AND EXOTIC
NS BINARIES
Imagine we have detected a GW produced by a NSNS
binary. The double-precessing model has enabled us
to correctly identify it as consisting of NSs. But, are
the remaining parameter uncertainties enough to lead
to an erroneous inference that we have detected a NS
with parameters outside those expected from astrophys-
ical models? We define a normal NS binary as one with
m1,2 ∈ [1, 2.5]M and χeff ∈ [−0.05, 0.05] and an exotic
NS as one that is not normal. We could have chosen
different values for the boundaries in m1,2 and χeff, but
these are consistent with current astrophysical considera-
tions, and the results would not qualitatively change if we
picked other values. Notice that a χeff in that range does
not guarantee χ1,2 ≤ 0.05, due to the effect of the projec-
tion along the orbital angular momentum. Nonetheless,
a detection of a system with χeff ≥ 0.05 would unam-
biguously imply that the system possesses at least one
χ ≥ 0.05.
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Figure 4. (color online) BF in favor of the exotic NS model as a
function of χeff for different SNR values. The simulated signal is
precessing and m1 = 1.43M and m2 = 1.23M.
Figure 4 shows the BF in favor of the exotic NS model
for a precessing signal as a function of χeff for different
SNRs using the double-precessing model. Regardless of
the SNR of the signal, a normal NS is always recovered
as such. There exists, however, a window in parameter
space (signals with SNRs of 10 and χeff ∈ [0.05, 0.07])
that could lead to the characterization of the system as
normal, when in reality it was exotic.
6. CONCLUSIONS
We showed that the inclusion of spin-precession in
waveform templates breaks the degeneracy between the
system’s individual masses and spins, and allows us to
distinguish between NSNS binaries and low-mass, small-
spin NSBH or BHBH binaries. Moreover, even for signals
with modest SNR, we can distinguish between “normal”
and “exotic” NSs. These results open the door to pop-
ulation studies with the first GW detections, as well as
5coincident studies between the electromagnetic detection
of short gamma-ray bursts and GWs. Indeed, if such a
coincident observation is made, being able to identify the
source from purely GW observations as a NS binary, a
mixed binary or a BH binary would prove invaluable.
The results presented here are subject to several as-
sumptions. First, the noise is assumed to be stationary
and Gaussian, while in reality this may not be the case.
Proper noise modeling along the lines described in Lit-
tenberg & Cornish (2014); Cornish & Littenberg (2014)
will help to restore performance to levels close to the
ideal case. Second, calibration errors and non-stationary
drifts in the noise spectrum should be marginalized over
in a full analysis, but these mostly impact the amplitude
parameters, and only have a small impact on the spin
measurement. Third, the waveform model inaccuracies
do not affect our estimates of the statistical errors at
leading order (Chatziioannou et al. 2014), so our conclu-
sions will apply to more accurate waveform models.
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